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the bladder, eye, and gastrointestinal system (6, 12, 26, 30, 44, 55, 62) . Respiratory insufficiency and ventilator dependence are common complications of this disease (11, 18, 33, 46, 58) . Respiratory failure appears to reflect dysfunction in both skeletal muscles (18, 38, 40) and motor neurons (11, 58) . The only Food and Drug Administration-approved therapy available to Pompe patients is enzyme replacement therapy (ERT), which prolongs ventilator-free survival by one-third in early onset patients (6) . However, up to 75% of patients on ERT therapy eventually require mechanical ventilation (7) , which reflects the inability of ERT to effectively treat the entire motor unit (7, 18, 23, 41) . As survival is increasing, lower airway weakness or collapse (tracheomalacia and bronchomalacia) has been unmasked in patients on ERT (60, 66) . This tracheomalacia and bronchomalacia result in floppy airways that obstruct air flow and exacerbate respiratory insufficiency (28, 29, 66) .
Upper airway obstruction in Pompe disease is classically thought to occur due to biomechanical problems associated with macroglossia (33) as well as a possible contribution of impaired neural inputs to airway muscles (16, 33) . However, very little is known regarding the lower airways because bronchoscopies are not regularly performed in Pompe patients (66) . Tracheomalacia and bronchomalacia have been identified and described in patients with declining respiratory function despite ERT or diaphragm pacing (60, 66) . Interestingly, declining respiratory status can be improved when an airway stent is used to treat the airway malacia (66) . In other lysosomal storage disorders such as mucopolysaccharidosis types I, II, and VI, both tracheomalacia and bronchomalacia can lead to complete major airway collapse and placement of airway stents is important for maintaining airway patency (29) . In the current study, we characterized the impact of GAA enzyme deficiency on lower airway architecture and smooth muscle structure and function. With the use of a Pompe mouse model, the Gaa Ϫ/Ϫ mouse, our primary aim was to determine if GAA deficiency leads to glycogen accumulation in airway smooth muscle (ASM), abnormal pulmonary mechanics, and dysfunctional smooth muscle contraction. Our secondary aim was to determine if GAA deficiency disrupted calcium signaling during ASM contraction or relaxation. Collectively, the results provide new insights regarding the impact of GAA deficiency on smooth muscle pathology and highlight the importance of evaluating and treating the lower airway pathology in patients with Pompe disease.
METHODS

Animals.
All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Massachusetts Medical School. B6;129-GaaTm1Rabn/J mice were obtained from Jackson Laboratory (Bar Harbor, ME) and bred in house. Age-matched 6-to 7-mo-old wild-type (WT) and Gaa Ϫ/Ϫ littermates were used in this study. Before enrollment in the study, littermates were genotyped using standard PCR methods to confirm lack of the GAA gene (38, 54) . A 131-bp product indicated the WT allele and a 251-bp product confirmed the mutant allele in the Gaa Ϫ/Ϫ mouse as per the Jackson Laboratory protocol.
Histology. Airway sections were embedded in epoxy resin or in OCT. For the epoxy resin-embedded tissue, tracheal and bronchial cross sections 3-mm long were immersion fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) at 4°C overnight, postfixed in 1% osmium tetroxide, and embedded into epon-araldite resin mixture as previously described (37) . Polymerized blocks were trimmed and cut at 1 and 2 m on a Leica Ultracut E ultramicrotome and mounted on charged slides. Tissues embedded in OCT and fresh frozen were sectioned at 10-m thick and placed directly on to slides. To evaluate histological glycogen load in the trachealis smooth muscle and adjacent tissues, we adopted the periodic acid Schiff (PAS)-staining technique successfully used by Lee et al. (33) with some modification. Briefly, tissues were incubated in 1% periodic acid for 10 min at 60°C, rinsed with tap water for 1 min, and then immediately stained with Schiff's reagent (Sigma-Aldrich, St. Louis, MO) at room temperature for 10 min, followed by a tap water rinse until the water ran clear. Plastic sections were then counterstained in 1% toluidine blue with 1% borax added at 60°C for 20 s. Sections were washed with distilled water and placed on the hot plate at 65°C. Once the slides were dried completely, they were coverslipped with a Permount mounting medium (Fisher Scientific, Hampton, NH) without dehydration in ethanol and the use of xylene. Fresh frozen sections were PAS stained according to standard techniques (33) and counterstained with hematoxylin. Images were taken on a LeicaDM5500B fluorescence microscope. Ultrathin sections were cut with Leica Ultramicrotome to 70 nm (or 700 Å), placed on golden grids, stained with uranyl acetate and lead citrate, and viewed under CM10 Phillips transmission electron microscope.
Pulmonary mechanics. Pulmonary mechanics at baseline and in response to incremental doses of methacholine (MCh) were performed using forced oscillometry (FlexiVent system; SCIREQ, Montreal, Canada) in WT and Gaa Ϫ/Ϫ mice. Forced oscillometry was performed in tracheotomized and anesthetized mice. Mice were anesthetized with an intraperitoneal injection of a ketamine (90 mg/kg; Animal Health International) and xylazine (4.5 mg/kg; Propharma) mixture. Following an adequate plane of anesthesia (loss of withdrawal to toe pinch), tracheotomy was performed, and a precalibrated cannula was introduced into the trachea. The mouse was then placed on a computer controlled piston-ventilator FlexiVent system (SCIREQ) and ventilated at a tidal volume of 10 ml/kg, with a rate of 150 breaths/min and a positive end expiratory pressure of 3 mmHg. Neuromuscular blockade with pancuronium bromide (2.5 mg/kg; Hospira, Lake Forest, IL) was given to prevent spontaneous respiratory effort. Respiratory mechanics were obtained and calculated using FlexiWare software (SCIREQ) as previously described (42, 56) . In brief, measurements were obtained by analyzing pressure and volume signals acquired in reaction to predefined, small amplitude, oscillatory airflow waveforms (perturbations) applied to the subject's airways. After an initial mechanical scan protocol, animals were subjected to incremental doses (3.125, 6.25, 12.5, 25, 50 , and 100 mg/ml) of nebulized MCh. Respiratory system resistance (R rs) was obtained by assessing the mouse's response to a single frequency forced oscillation maneuver (42) . Resistance of central airways (R n) and small airway and tissue resistance (G) were measured using broadband low-frequency forced oscillation maneuvers over a range of frequencies (Quick Prime-3) (42) . These maneuvers were performed every 15 s for a total of 12 automated measurements per dose. Between each challenge, the mouse's lungs were subjected to two deep lung inflations. For albuterol studies, following completion of the nebulized MCh doses, animals were nebulized with 2.5 mg/3 ml R-albuterol and the above 12 automated measurements were obtained. The mouse lungs were then subjected to 2 deep lung inflations, and another 12 measurements were obtained to ensure that there was adequate time given for the effects of albuterol to take place. To ensure that the animal was alive during these in vivo pulmonary mechanical scans and dose response, the heartbeat was visualized between each dose during the deep inflation and at the end of the study.
Bronchial ring isometric contraction bioassay. For the force measurements, the left and right extrapulmonary bronchi from WT and Gaa Ϫ/Ϫ mice were dissected from the lung, and the surrounding tissues were cut off carefully in ice-cold Krebs solution containing the following (in mM): 118.07 NaCl, 4.69 KCl, 2.52 CaCl 2, 1.16 MgSO4, 1.01 NaH 2PO4, 25 NaHCO3, and 11.1 glucose. Bronchial rings of 2.5 mm in length were cut and attached to mounting support pins that were connected to force transducers, and changes in their force were recorded with a multiwire myograph system (610-M; Danish Myo Technology). The bronchial rings were kept in oxygenated Krebs buffer (95% O2-5% CO2) at 37°C. After a 20-min equilibrium, a 2-mN stretch was applied to the rings three times with a 5-min interval. KCl (60 mM) was then used to stimulate the rings twice with a 10-min interval before the response to incremental doses of MCh was assessed.
Isolation of single ASM cells. Smooth muscle strips were prepared from the trachea and main bronchi of Gaa Ϫ/Ϫ and WT mice and the ASM cells were isolated as previously described (67) . Briefly, the trachea and main bronchi were quickly removed and placed in ice-cold dissociation medium (DM) containing the following (in mM): 136 NaCl, 5.36 KCl, 0.44 KH2PO4, 4.16 NaHCO3, 0.34 Na2HPO4, 5 MgCl2, 20 mM HEPES, and 10 glucose, pH 7.1. The trachea was dissected from the connective tissue carefully and incubated in the MgCl2-free DM with 30 U/ml papain, 0.2 mM dithiothreitol, and 0.02 mM EDTA at room temperature for 30 min. The tissues were then transferred to a second digestion solution (MgCl2-free DM) containing 3 U/ml collagenase 1A, 1 mg/ml bovine serum albumin, and 0.1 mg/ml deoxyribonuclease I at 34°C for 6, 4, and 4 min in sequence. The tissue pieces were gently triturated using a fire-polished glass pipette to generate a cell suspension. The dispersed cells were maintained in the DM solution containing 1 mM Ca 2ϩ at 4°C for later use in the same day. Drops of the cell suspension were transferred to a glass-bottomed chamber and allowed to adhere to the bottom of the chamber for 10 min before being recorded.
Measurement of global intracellular calcium concentration. To monitor global intracellular calcium concentration ([Ca 2ϩ ]i), fluo-3 fluorescence was measured using a custom-built wide-field digital imaging system (69) . Fresh isolated cells were incubated in DM solution containing 1 M fluo-3-AM for 1 h at room temperature. The cells were then placed on the glass-bottomed chamber, and the medium was changed to bath solution containing the following (in mM): 130 NaCl, 5.5 KCl, 1 MgCl2, 10 HEPES, 2.2 mM CaCl2, and 5 glucose, pH 7.4. For the calcium depletion studies, the medium was changed to a calcium-free bath solution containing the following (in mM): 130 NaCl, 5.5 KCl, 1 MgCl2, 10 HEPES, 0.05 EGTA, and 5 glucose, pH 7.4. The camera was interfaced to a custom-made inverted microscope, and the cells were imaged at the speed of 1 Hz using a ϫ20 Nikon 1.3 NA. The 488-nm line of an argon ion laser provided fluorescence excitation, with a shutter to control exposure duration, and emission of the Ca 2ϩ indicator was monitored at wavelengths Ͼ500 nm. A custom-designed software package was used for subsequent image processing and analysis running on a Statistics. All data are reported as means Ϯ SE. All statistical analyses were performed using Prism software (version 7; Graphpad, La Jolla, CA). Significance for dose responses was determined by two-way repeated-measures ANOVA. The Bonferroni post hoc analysis was used for multiple pair-wise comparisons and comparisons with baseline. In the ex vivo KCl studies and global calcium measurements, peak and sustained responses between Gaa Ϫ/Ϫ and WT mice were assessed using the Students t-test. Significance was considered at a P Ͻ 0.05.
RESULTS
Glycogen accumulates in Gaa
Ϫ/Ϫ tracheal and bronchial smooth muscle. Periodic acid Schiff (PAS) staining was used to identify glycogen in the ASM. Semithin plastic sections from WT mice revealed a normal spindle-shaped smooth bronchial muscle cells with a central elongated nucleus (Fig. 1, A and B) . In sharp contrast, Gaa Ϫ/Ϫ bronchial smooth muscle cells showed cytoplasmic inclusions filled with PAS-positive material, consistent with lysosomal glycogen accumulation (Fig. 1,  C and D) . Similarly, within the trachealis muscle, WT ASM had no indication of pathology (Fig. 1, E and F) , whereas Gaa Ϫ/Ϫ trachealis smooth muscle had extensive cytoplasmic vacuolization filled with PAS-positive material (Fig. 1, G and  H) . In fact, the Gaa Ϫ/Ϫ mouse smooth muscle cytoplasm is virtually filled with glycogen-laden lysosomes with a resultant disruption in cellular architecture including displacement of the nuclei to the edge of the cell (Fig. 1, D and H) . Electron microscopy of the trachealis smooth muscle confirmed disruption of Gaa Ϫ/Ϫ fibers and enlarged lysosomes (Fig. 1J) , features that were absent in WT mice (Fig. 1I) . Glycogen accumulation in Gaa Ϫ/Ϫ tissues has an evenly stippled texture imparted by small granules of low electron density.
Gaa Ϫ/Ϫ smooth muscle contractility is impaired both in vivo and ex vivo. The bronchoconstrictive agent MCh results in airway contraction and increased respiratory, airway, and tissue resistance (63) . Gaa Ϫ/Ϫ and WT mice were administered increasing doses of MCh via a nebulizer, and in vivo lung mechanics including total respiratory system resistance, central airway resistance, and tissue resistance were assessed. Total respiratory system resistance in Gaa Ϫ/Ϫ was reduced at higher doses of MCh compared with WT controls (P ϭ 0.0036; Fig.  2A ). This decreased resistance indicates that Gaa Ϫ/Ϫ mouse airways are hyporesponsive to MCh. A similar finding was ϭ 50 m (A, C, E, and G), 25 m (B, D, F, and H) , and 2 m (I and J). present for central airway resistance with reduced values in Gaa Ϫ/Ϫ mice at high doses of MCh (P ϭ 0.0028 vs. WT; Fig.  2B ). Finally, tissue resistance was also significantly different in Gaa Ϫ/Ϫ and WT mice (P ϭ 0.0018; Fig. 2C ). Next, Gaa Ϫ/Ϫ and WT bronchial smooth muscle contractility was measured ex vivo using a bronchial ring isometric contraction bioassay. Contractile force was assessed following exposure to MCh and potassium chloride (KCl). The force generated by Gaa Ϫ/Ϫ bronchi upon MCh exposure was substantially reduced as compared with WT bronchi (P ϭ 0.0001; Fig. 3, A and B) . Similarly, the bronchial contraction of Gaa Ϫ/Ϫ mice to a single administration of KCl was significantly reduced compared with WT controls (P ϭ 0.007; Fig.  3, C and D) . Measurements were taken following incremental doses of nebulized MCh from 3.123 to 100 mg/ml. A: overall respiratory resistance (Rrs) in WT (n ϭ 4) and Gaa Ϫ/Ϫ (n ϭ 6) mice. Initially, during saline administration no differences in overall resistance were appreciated between WT and Gaa Ϫ/Ϫ mice, but with increasing doses, the resistance showed a more robust increase in WT mice compared with Gaa Ϫ/Ϫ mice. B: Gaa Ϫ/Ϫ mice have a central airway resistance (Rn) that is hyporesponsive to higher doses of MCh in compared with WT mice. C: finally, tissue damping (G), which is reflection of the smallest airways and tissue resistance, was also hyporesponsive to MCh in Gaa Ϫ/Ϫ mice. *P Յ 0.05, pair-wise comparison; #P Յ 0.05, baseline comparison. Fig. 3 . Gaa Ϫ/Ϫ bronchial rings have reduced contractile force upon exposure to MCh and potassium chloride (KCl). A and B: representative traces (A) and summary data (B) confirm that KCl induced bronchial ring contraction is more robust in WT (n ϭ 12) than in Gaa Ϫ/Ϫ (n ϭ 9) bronchi. C: representative traces of MCh-induced bronchial ring force of contraction at incremental increases in concentrations in WT (n ϭ 11) and Gaa Ϫ/Ϫ (n ϭ 9) mice. D: bronchial ring contraction in response to increasing doses of MCh confirmed that Gaa Ϫ/Ϫ bronchi had a reduced force of contraction compared with WT bronchi. *P Յ 0.05, pair-wise comparison.
Impaired responses to R-albuterol in Gaa
Ϫ/Ϫ mice both ex vivo and in vivo. To assess the ability of the smooth muscle to respond to bronchodilators, Gaa Ϫ/Ϫ and WT ASM relaxation was assessed in response to the ␤ 2 -adrenergic receptor agonist R-albuterol. In vivo airway resistance in response to albuterol delivered via the nebulizer was significantly different between Gaa Ϫ/Ϫ and WT mice (Fig. 4, A and B) . Minimal changes in Gaa Ϫ/Ϫ respiratory system resistance occurred in response to albuterol and~5-min later when another set of forced oscillation maneuvers and measurements was obtained (P ϭ 0.0262; Fig. 4A) . Furthermore, the central airway resistance minimally decreased when Gaa Ϫ/Ϫ mice were exposed to albuterol (P ϭ 0.0159 vs. WT, Fig. 4B ). R-albuterol had little effect on tissue resistance (P ϭ 0.0749; Fig. 4C ) of either Gaa Ϫ/Ϫ or WT mice. Ex vivo, cumulative doses of R-albuterol were administered to relax the bronchial rings of WT and Gaa Ϫ/Ϫ mice (Fig. 4, D  and E) . Incremental doses of R-albuterol were administered once a stable plateau of contraction force was observed with MCh. The initial relaxation of the smooth muscle to R-albuterol occurred at 10 Ϫ9 M and reached the maximum effect at 10 Ϫ7 M in both Gaa Ϫ/Ϫ and WT tissues (Fig. 4 , D and E). Relaxation was blunted at doses of R-albuterol greater than 10 Ϫ7 in Gaa Ϫ/Ϫ tissues, and this response was significantly different than WT (P Ͻ 0.0346; Fig. 4E ). compared with the WT mice (Fig. 5 , C and E; P ϭ 0.0002). These results again suggest that Ca 2ϩ influx is impaired in ASM cells from Gaa Ϫ/Ϫ mice. Lastly, we confirmed that the initial rise in calcium during MCh stimulation was due to intracellular calcium release and that intracellular calcium release was normal in Gaa Ϫ/Ϫ ASM cells. ASM cells from WT and Gaa Ϫ/Ϫ mice were placed in a calcium-free environment, and changes in [Ca 2ϩ ] i were assessed upon exposure to MCh. Cells from both strains produced only monophasic transients in response to MCh, as would be expected if MCh only releases Ca 2ϩ from intracellular stores (21, 24) . No difference in the peak [Ca 2ϩ ] i between Gaa Ϫ/Ϫ and WT mice was detected (Fig. 5 , F and G; P ϭ 0.5411) suggesting intracellular Ca 2ϩ release is not impaired in Gaa Ϫ/Ϫ mice. These results confirm that internal Ca 2ϩ release appears unaffected in ASM cells from Gaa Ϫ/Ϫ mice despite the abundant glycogen accumulation.
Calcium signaling is disrupted in Gaa
DISCUSSION
Several important results emerge from this histological and physiological evaluation of the Gaa Ϫ/Ϫ mouse airways and ASM cells. First, GAA enzyme deficiency results in a significant accumulation of glycogen in tracheal and bronchial smooth muscle with resultant disruption of the cytoplasmic structure. Second, airway mechanics and smooth muscle contractile function are impaired in Gaa Ϫ/Ϫ mice in response to bronchoconstrictor or bronchodilator compounds. Finally, GAA enzyme deficiency is associated with altered calcium signaling dynamics in ASM. Collectively, these results indicate that ASM dysfunction is likely to contribute to respiratoryrelated impairments in Pompe disease.
Smooth muscle in Pompe disease. Progressive respiratory insufficiency is a known complication of Pompe disease. Although glycogen accumulation in respiratory skeletal muscles and motor neurons has been well described in Pompe disease patients (11, 18, 26, 30) and mice (11, 17, 18, 33) , ASM involvement has not previously been systematically examined. Smooth muscle pathology in other organ systems and vascular smooth muscle has been described in Pompe disease or relevant animal models (26, 30, 44, 48, 55, 61, 62) . In Pompe patients, accumulation of glycogen in vascular smooth muscle is known to result in weakness of the arterial walls and formation of aneurysms (15, 27, 64) . Patients with Pompe disease have cerebrovascular aneurysms, dilation of the carotid arteries with resultant carotid artery dissection (65) , and dilation of the basilar arteries (5). In addition, there have been reports of aortic artery aneurysms and dissection of the aortic artery (15) . Involvement of nonvascular smooth muscle has also been reported in patients with Pompe disease. For example, lysosomal glycogen accumulation occurs in the smooth muscle of the urinary bladder (26) , which could explain patient reports of increased urinary incontinence (43) . In addition, involvement of the smooth muscle of the gastrointestinal tract and smooth muscle of the iris has been reported in autopsies of patients with Pompe disease (26, 48, 50) . Similarly, our study found extensive glycogen accumulation in the smooth muscle of the trachea and bronchi. Based on these histological findings (Fig. 1) , it appears that GAA deficiency and the associated accumulation of glycogen in tracheal smooth muscle produce contractile dysfunction, and accordingly this may contribute to the tracheal and bronchial weakness, or malacia, seen in Pompe patients (60, 66) .
Blunted response to bronchoconstriction and bronchodilation. In the current study, smooth muscle physiology was assessed both in vivo and ex vivo, and the data show airway and bronchial ring hyporesponsiveness to bronchoconstricting and bronchodilating agonists. Although the exact mechanisms are unknown, we speculate that the disrupted smooth muscle architecture (e.g., Fig. 1 ) and even more importantly abnormal calcium signaling (e.g., Fig. 5 ) play prominent roles. In Pompe disease, the prevailing hypothesis regarding the mechanisms of skeletal muscle weakness is that myofibers filled with excessive glycogen have little space to expand and the associated mechanical stress during contraction results in lysosomal rupture and further muscle damage (22) . However, recent studies indicate that the mechanism(s) of muscle weakness in Pompe disease are much more complicated (35) . For example, autophagic accumulation and alterations calcium signaling both appear to play a vital role in skeletal muscle weakness (35) . Autophagic disruption occurs because lysosomes play an important role in autophagy by fusing with autophagosomes and recycling and breaking down the autophagic debris. In skeletal muscle, impaired autophagy and GAA enzyme deficiency are associated with abnormal calcium homeostasis and increased calcium signaling (35) . Impaired calcium signaling also appears to play a role in the impaired in vivo and ex vivo response to bronchodilating and constricting agonists (e.g., Fig. 5) .
ASM GAA deficiency and calcium signal disruption. ASM contraction is induced by an increase in intracellular calcium concentration (39, 45, 49, 51) . Bronchoconstrictive agonists such as MCh increase the intracellular calcium concentration by calcium release from the sarcoplasmic reticulum through activation of the inositol 1,4,5-triphosphate receptor. To sustain ASM contraction, sustained calcium influx is necessary to replenish calcium and maintain calcium homeostasis. Several pathways are involved in calcium entry including voltagedependent Ca 2ϩ channels (VDCCs), receptor-operated calcium channels, and store-operated calcium (SOC) channels (21, 24, 68) . Here, we found that in Gaa Ϫ/Ϫ ASM cells the initial release of Ca 2ϩ was comparable to that of WT mice, which implies normal Ca 2ϩ release from the sarcoplasmic reticulum. However, the ability to sustain contraction was significantly blunted. This inability to sustain the contraction is consistent with a defect in an influx of calcium. This could be due to involvement of any of the pathways necessary for calcium influx, including the VDCC or SOC channels. Indeed, when we used KCl to depolarize and contract the ASM, the Gaa Ϫ/Ϫ mice airways had a blunted response, which may indicate a defect in VDCC calcium influx, since KCl is known to activate VDCCs by depolarizing the membrane (25) . However, this does not rule out the involvement of SOC entry.
In vivo and ex vivo studies of the airways and bronchial rings using bronchodilators also resulted in a blunted response to smooth muscle bronchodilators (␤ 2 -adrenergic receptor agonists or ␤ 2 -agonists) in Gaa Ϫ/Ϫ mice. ␤ 2 -Agonists activate cAMP and inhibit the sarcoplasmic reticulum calcium release and calcium influx through SOC channels and VDCCs. ␤ 2 -Agonists also enhance calcium efflux in ASM cells (10, 20, 53) . In the GAA-deficient ASM cells, if VDCC activity is reduced or SOC channels are disrupted, the effects of ␤ 2 -agonists would be attenuated. This may account for the lack of response to ␤ 2 -agonists in Gaa Ϫ/Ϫ mice as revealed in this study, in keeping with findings that a rise in cAMP upon ␤ 2 -adrenergic receptor activation inhibits VDCCs directly or indirectly in ASM cells (31, 32) . Since cAMP can inhibit the SOC entry in ASM cells (1, 20, 52) , it would be of great interest to study the potential role of this calcium entry pathway in mediating the defect in ␤ 2 -agonist induced airway relaxation in Gaa Ϫ/Ϫ mice. Interestingly, calcium homeostasis is also disrupted in other lysosomal storage diseases with increased cytosolic calcium and disrupted reuptake of calcium into the endoplasmic reticulum in some (4) and decreased cytosolic calcium in others (36) . Furthermore, Raben et al. (54) discovered defective calcium homeostasis in Pompe disease skeletal muscle. Unlike our findings in ASM, they discovered an increase in calcium entry in skeletal muscle resulting in a surge of cytosolic calcium levels (34, 35) . In addition, they noted that the expression of some VDCCs was upregulated in skeletal muscle (35) . It is important to note that skeletal muscles express Cav1.1 while smooth muscles mainly the Cav1.2 to mediate calcium influx and these two VDCCs could be regulated differently in GAA deficiency. VDCC regulation and function have not been characterized in ASM cells from Gaa Ϫ/Ϫ mice and are beyond the scope of this study. Further studies are also needed to elucidate the impact of GAA enzyme deficiency in ASM on other Ca 2ϩ influx mechanisms such as transient receptor potential channels and SOC channels (2, 9) .
Conclusion and clinical significance. This study confirms that ASM dysfunction occurs in the absence of GAA enzyme activity. Respiratory insufficiency is a hallmark of Pompe disease and patients on ERT often require respiratory support. Several prior reports have led to the suggestion that respiratory failure, despite ongoing ERT, represents the inability of ERT to treat the entire respiratory motor unit (i.e., both skeletal myofibers and associated motor neurons) (7, 11, 14, 18) . Here we show that ASM is profoundly affected in Gaa Ϫ/Ϫ mice and accordingly the contribution of airway dysfunction to respiratory insufficiency in Pompe disease becomes an important consideration. Our study is the first to describe the impact of GAA enzyme deficiency on lower airway mechanics and ASM calcium signaling and highlights the importance of evaluating patients with declining respiratory function for airway malacia.
The current findings also highlight the importance of addressing ASM pathology in preclinical therapeutic studies for respiratory insufficiency in Pompe disease. Adeno-associated virus gene therapy approaches targeting the diaphragm have advanced to stage I/II clinical trials in Pompe patients (59) , and future work should evaluate the impact of adeno-associated virus therapies on ASM.
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